Abstract-The aim of this study is to improve and facilitate the methods used to assess risk of falling at home among older people through the computation of a risk of falling in real time in daily activities. In order to increase a real time computation of the risk of falling, a closed-loop balance model is proposed and compared with One-Leg Standing Test (OLST). This balance model allows studying the postural response of a person having an unpredictable perturbation. Twenty-nine volunteers participated in this study for evaluating the effectiveness of the proposed system which includes seventeen elder participants: ten healthy elderly ( ), seven Parkinson's disease (PD) subjects ( ), and twelve healthy young adults ( years). Our work suggests that there is a relationship between OLST score and the risk of falling based on center of pressure measurement with four low cost force sensors located inside an instrumented insole, which could be predicted using our suggested closed-loop balance model. For long term monitoring at home, this system could be included in a medical electronic record and could be useful as a diagnostic aid tool.
I. INTRODUCTION

F
ALLS are a major concern in the field of public health because of their impact on the physical and physiological state of the person. Indeed, falls represent the third leading cause of chronic disability worldwide [1] and cause about 81%-98% of hip fractures [2] . In 2009, their total cost was between 0.85% and 1.5% of the total health spending in the United States, Australia and the European Union [2] . In addition to physical damage and their high cost, falls leave a psychological impact because of the fear of falling again and a lack of self-confidence to keep the balance during unexpected situations. As a result, recurrent fallers need training with an automatic evaluating system at home, as suggested in this paper.
The identification of individuals who are at risk of falling due to balance issues becomes a major challenge in falls prevention. The risk of falling among elderlies or persons with neurodegenerative disorder such as Parkinson's and Ataxia disease is generally assessed by clinical tests such as Timed Up and Go test [3] , One-Leg Standing test [4] , Tinetti test [5] or Berg Balance Scale [6] . Most of these tests are performed in a clinical environment; this could be costly for both time and money for the patient, its family or for the health care system. Falls consequences are even intensified by the demographic change. In a near future, there should be more geriatric patients and probably fewer professionals will be available to assess the risk of falling in a clinical environment. As a result, recently, some studies have attempted to bring the risk of falling assessment at home [7] , [8] . These previous research works indicated a home-based evaluation has a good potential since it could allow identifying an unstable balance and gait at an early stage. However, the experimental protocol and the devices used are not often straightforward. In addition, clinical values of gait abnormalities identified can not be interpreted by a layman. Moreover, although many aspects of balance and gait can influence risk of falling, a critical factor is the ability of participant to respond effectively at balance perturbations. These perturbations can arise from external disturbance (such as wind and slope) or the type of ground (such as sand and snow) on which the participant performs the tests. For example, soft surfaces can represent an important risk of falling factor [9] , [10] , and they are not taken into account in the clinical tests assessment at home. Since we evaluate the impact of environmental disturbances, the instrumented One-Leg Standing Test (OLST) is the most appropriate for home-based assessment tools compared to Timed Up and Go, or Tinetti tests. Berg Balance Scale (BBS) test demonstrated its inefficiency in the determination of people who did fall and people who did not fall [11] and OLST is the most convenient for home testing [12] , [13] . Indeed, the test of the standing position allows the study of human capacity to maintain postural balance. This test is characterized by the center of mass (COM) displacements and deviation of the center of pressure (COP) in the base of support [14] , [15] . Moreover, the ability to maintain balance could include a swing motion of the body at the level of the ankle. Thus, there is a quasi-static motion similar to a controlled inverted pendulum system.
In this context, the research focuses on the identification of various parameters to take into account in an automated risk of fall evaluation. To achieve this goal, many of models were designed to study the effect of sensory inputs and disturbances of 1534-4320 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
the body sway [16] - [18] . Overall, they include a posture control representation which encompasses proprioceptive, visual and vestibular mathematical model in Laplace domain. In addition, these research interests to study the external disturbances such as obstacles on the floor, the movement of a ship or bus and internal disturbances such as breathing, heart rate, muscle tremors, dizziness or vertigo. In doing that, different methods are performed to simulate these disturbances to describe the postural response and the compensatory balance reactions in an uncontrolled environment.
In this paper, in order to increase the robustness of the risk of fall evaluation in real-time, we propose in the first part, a new closed-loop balance model which represents the human body at standing position. The tether-release system is used as an external Heaviside input in order to identify the intrinsic parameters of the model. This model will be used to understand the mechanism underlying the risk of falling and to find a score related to the risk computed in real time. Moreover, this model is used to simulate the balance capability for home monitoring and diagnostic aid. In the second part, we propose an automatic version of One-Leg Standing Test. This last is executed on different types of ground as perturbations. Since we need a home-based system, we implemented this test on a Smartphone and used an instrumented insole with Bluetooth capability. The types of ground such as concrete, parquet, sand and gravel are used to be similar to an everyday environment. Therefore, our test enhances the ability to differentiate the risk of falling related to balance issues and external perturbations. The main contribution of our work is to evaluate the relevance of a balance model included in an inexpensive home-based system to compute a risk of falling and, to train and to monitor an elderly with balance issue. The second contribution is to characterize the parameters of balance recovery under soil perturbations.
Following a review of the state of the art, we described the primary contribution of this paper, a new risk of falling assessment method based on our instrumented insole, an home-based Android serious game on which the risk of falling is computed by a new closed-loop balance model. Such a system could be used for long term home monitoring using a medical electronic record. The first evaluation shows encouraging results which are then discussed for usage at home.
II. RELATED WORK
First, a brief overview of instrumented tests using in both gait and balance disorders assessment is presented. In this, we cover mobile evaluation systems such as instrumented insoles. Thereafter, clinical tests used in this study are detailed where we address the clinical evaluation which could be used for home monitoring.
A. Technologies for Gait and Balance Disorder Analysis
In the last decade, instrumented tests for gait analysis have been widely used to assess risk of falling by evaluating gait parameter's variation. Several types of shoes equipped with instrumented insoles were developed using various technologies [19] , [20] . Instrumented insole demonstrates the capabilities to compute walking parameters such as pressure located at the heel and toes, and the midstance time [21] . Other studies present an instrumented insole able to detect gait phases such as swing time, double support time, stride length and cadence [22] . The instrumented gait analysis system enables planning and assessment of risk of falling among older people and is considered as a useful tool for quantifying locomotors performance in people with Parkinson's or Ataxia Disease [23] , [24] . Zampieri et al. [8] studied body-worn sensors for mobility testing at home versus a laboratory testing situation. Their results show that home testing is feasible. Recently, a Smartphone software has proved to be an effective tool for showing clinical tests parameters at home [25] . Other studies showed that a Smartphone-based system may be used for assessing risk of falling [12] and for training users at maintaining balance [26] over different types of ground [27] by using a serious game. These recent studies have shown that mobile systems can be used for assessing clinical test parameters. However, most of these recent research works usually compares clinical values for differentiating the groups in their works without a formal evaluation with elder participants.
Other studies have been directed toward the development of new instrumented insoles for clinical tests with low-cost and often with wireless communications such as presented in [28] , [29] . Those insoles were used for ergonomic evaluation in standing posture and for lower limb prosthetic. Previous studies did not consider the environment of the participant. It is known that the type of ground can affect the gait [10] . Moreover, some studies relate the effects of unstable surfaces such as rocks [30] on the gait parameters. The type of ground could become a significant factor that should be taken into account in fall risk assessment. Our main contribution is for using such instrumented insole for a home-based system designed in order to assess risk of falling in standing position tests. Then, calibrate a personal closed-loop balance model in order to evaluate the risk of falling in daily activities. The identified parameter values of the balance model represent some indices related to the progression of balance disorder. Therefore, our system needs a clinical test that could be translated in a serious game on a Smartphone. Those tests are discussed in the next section.
B. Standing Position Tests
Several studies showed that dynamic balance has become important for understanding the risk of falling level in clinical settings. This section emphasis One-Leg standing Test (OLST) and focuses on other standing position tests relevant to be included in our falls risk assessment system.
1) One-Leg Standing Test:
Many clinical studies showed that the One-Leg Standing Test (OLST) is a single task performance and can be used to determine balance issues such as neurological disease, muscular weakness, sensory-motor deficits among elderly [4] , [31] . This traditional test also named unipodal test measures the time in seconds (related to a score), which is considered as a level of balance stability. Participants unable to perform this test for at least five (5) seconds are at increased risk of falling. The researchers stated that a time greater than twenty (30) seconds shows a very low risk of falls [31] . However, using only the time in this test is not quite as discriminating for medical decisions, such as adapting the drug dose, prescribe a different drug or adapting the training level. It becomes necessary to measure additional parameters and give a score, to the clinician, related to the risk of fall based on an accurate simulation of the balance ability using a model. Indeed during the test, the ability of participant to maintain the strength and weight evenly distributed on the foot is essential for balance assessment. The literature has shown that older people who present an unstable balance have a greater center of pressure (COP) sway [32] . COP is defined as the point location of the vertical ground reaction, and is often used to identify a balance deficit [33] . The COP displacements in standing posture become a parameter which could be taken into account in risk of falling assessment. Several studies have used a variety of COP measures to predict a risk of falling [34] , [35] . They associate postural control capability with balance which is used to describe the body's ability to adjust the center of pressure near the center of mass. The center of pressure has been commonly used as cues of postural stability in standing position. To our best knowledge, no work has attempted to evaluate risk of falling by computing a score over different types of ground with the clinical OLST by using a Smartphone-based system comprising an instrumented insole. Moreover, there is no study related to the understanding of balance mechanism associated to OLST able to give an accurate simulation of the risk of fall.
2) Other Standing Position Tests Used for Balance Model Evaluation:
The control of postural stability during standing is similar to that of the control of an inverted pendulum. In fact, Peterka [14] uses control theory with a classic law (in a form of a proportional-integral-derivative (PID) compensator) to address the balance model. The author shows that both balance and neuromuscular system answer varies depending on the proportional ( ) and derivative ( ) gains of the compensator, and it is weakly influenced by integral gain ( ). This is explained by the influence of these gains on a closed-loop system (control and stability theory).
a) An increase of the proportional gain (usually associated to a gain margin) moves the root locus toward its corresponding zero in a complex Laplace's plane. The proportional gain is bounded by the Routh-Hurwitz stability criterion. This gain then could be associated to the balance transient response after a Heaviside perturbation. b) The derivative gain is associated to the damping ratio, which change both the natural frequency and the overshoot of the system. This gain could then be associated to the human body sway. As this gain decrease, the body sway increase in frequency and amplitude. c) The integral term could be associated to the capability to track a zero degree in order to stay in a right posture. Meaning that this gain has a small influence on body sway: the result depends on how this parameter is identified. However, its impact is more related to the steady state response than the transient response. The model of Peterka [14] represents a fixed position on a rigid and uniform surface and considers both sensory and neuromuscular system as a simple PID compensator. This may be because of this consideration that the sensory system is not given in the model it offers. To study a more complete model, van der Kooij et al. [36] proposed another model that serves to study the effect of sensory disturbance on the swing of human. Despite the use of sensory disturbance in their system, the controller was able to stabilize the model of an unstable standing human with neural time delays of 100 ms. The authors concluded that their model was capable of studying and quantifying multi-sensory integration in human stance control. Ersal and Sienko [16] have developed a mathematical model to describe the human balance without focusing on the different sensory systems while Mahboobin et al. [37] developed another model based on a mechanism of a visual, proprioceptive and vestibular reweighting. The latter model helps to give explanation underlying the way that the person learns to react against the disturbances caused by a moving surface. In these models, external disturbances are driven by rotation [17] , [18] or a horizontal displacement of a platform under the feet [16] , [38] or a combination of both [36] , [18] . In the same context, Mohapatra et al. [39] studied another type of disturbance. Their method consists of attaching a load to an aluminum pendulum. This pendulum is fixed at its upper end to the ceiling and is located in front of the participant. Subsequently, it is released leading to a disturbance at the participant's shoulders. This experiment was used to study the role of visual perception [39] , the altered proprioception [40] and the impact of different surfaces [41] in the generation of anticipatory and compensatory corrections during the maintenance of posture. In fact, this experience affirmed that both foam and wobble board induce body instability and diminish the somatosensory input, as compared to rigid surface. These results confirm the work of Patel et al. [42] . This has proved that the variability of torque in the lateral direction is greater on a foam surface than on a solid surface. Thereby, they showed that standing on foam is considered as a multi-directional balance perturbation. This result confirms the usage of different type of soil for evaluating our system. Others research drew on a different type of cable release. Their method is to attach a cable to the human body that supports it against the gravitational force. At an unpredictable moment, this cable is released to react against the risk of falling created by this type of action [43] - [45] . This experience has shown the effect of arm swing in regaining balance with a single step under intense perturbation [45] . Moreover, it allows the study of the influence of novel safety flooring systems on the compensatory balance reactions of older people [44] . However, in their study, the soil types do not reflect a real environment. Indeed, they do not represent intense disturbances that can occur to a person when performing daily activities. Our main objective in this part was to determine the anticipated postural adjustments to restore the position of the body after an unpredictable disturbance.
III. PROPOSED SYSTEM
This section presents a Smartphone-based system used for balance training and for long term monitoring. As a closed-loop balance model is used in this system, a system identification method for each user is required. The identification methodology uses tether-release system which could be executed in a clinic environment. Once the parameters identified, this model should increase the robustness for the computation of a risk of falling. In the following, we present our instrumented insole and then the others apparatus able to compute a risk of falling.
A. Instrumented Insole
This apparatus is an intelligent system, recently developed, labelled ACHILE. ACHILE stands for Active Human-Computer Interface for Locomotion Enhancement. A schematic of the instrumented insole prototype used is shown in [12] , [46] , [47] . It aims at preventing accidental falls related to conditions of the physical environment (slippery ground, steep slope, etc.), or abnormalities of its gait. This device counts a set of sensors such as accelerometers (located in electronic board), force sensors and bending variable sensor. The sensors located inside this insole were selected in order to create an instrumented system capable of sensing many parameters that characterize both gait and balance parameters. All these sensors are exploited to compute a risk level associated to a risk of falling. A 16-bits architecture microcontroller is included for computing, in real time, the risk level using different algorithms such as neural network [48] , fuzzy logic [49] and our closed-loop balance model presented in this paper.
To assess force distribution under foot, Force Sensitive Resistors (FSRs) were placed over the insole at strategic pressure position. Two FSRs were placed at the heel, one at right ( ) and the second at left ( ). Two others FSRs were placed at the toes, one at left ( ) and the second at right ( ) [47] . In sum, this system measures the forces applied at four points under the foot. The force sensors data variation recorded by the smartphone during the OLST has been used in order to assess the participant's stability.
B. Home Monitoring Using a Serious Game Based on OLST
A user-friendly interface was designed using the OLST procedure. The main software is running as a serious game for training balance. The risk level computed by our algorithm is displayed as a score to be improved at each usage. The evolution of the score is stored for further analysis. Some strategy could be used to increase the ludic (playfulness) such as a tai chi context and imitation of Flamingo. OLST software records raw data signals from four FSR sensors in order to estimate user performance that is doing the test. The software incorporates two main sections which are: 1) instructions on how to properly complete this clinical test, 2) data analysis and results visualization. As the user is standing balanced on one leg, the test could begin by pressing start button. A countdown timer starts from this event, which is the normative time [31] for the user to perform the OLST. Our software stops the test and data are recorded at the end of the normative time required. The daily usage of OLST software allows a remote monitoring of elderly and also could inform about the impact of drugs or rehabilitation interventions on people with Parkinson, Ataxia and other related balance disorder disease. The login and password of user are registered into data-base in order to showing its progression by comparing performance history and current score with the highest ones performed previously or in last days. The user can make countless tries knowing data are always recorded. For user safety, especially older people, and also for smooth running of the test, another person should activate OLST software. 
C. Closed-Loop Balance Model Identification With a Tether-Release System
The human balance should be modeled in order to compute a risk of fall. The apparatus, shown in Fig. 1 , is mainly composed of a pulley around which a rope is wound and a load equal to five percent (5%) of subject weight as suggested in [39] - [41] . This methodology will give the model parameters of the human balance.
IV. EXPERIMENTAL METHODOLOGY
To study postural stability under quasi-static conditions, postural sway was assessed for each participant. The two following steps explain the experimental methodology used in both tests.
1) Firstly, we asked one of the authors of this study (a healthy young participant) to remain in standing position on the rigid ground and wear a belt attached approximately at the tenth thoracic vertebra. This belt is attached to a cable which is wound around a pulley and connected to a load (about 5% of the subject's body weight). In addition, a Smartphone is attached to the back of his thigh in order to measure the angle . Then, we asked him to make an angle relative to the vertical line (show Fig. 1 ). In an unpredictable moment, the cable is released (the tensile force is then null). At the same time, Smartphone software records the angle variation of the body. Twelve trials of this process have been performed by the same person in order to identify our model. 2) Secondly, 29 volunteers, which includes 17 elderly (10 healthy, seven PD subjects) and 12 healthy young adults, have performed the OLST (show characteristics in Table I ).
Each PD subject was diagnosed by a movement disorders neurologist at state 2 or 3. Healthy elderly (subjects without Parkinson's disease) were physically independent (University staff and other people outside University) while the healthy young adults were students. The evaluation was carried out in our laboratory. Criteria for inclusion were as follows: 1) elderly subjects were between 59 and 79 years old while 2) young adults were between 22 and 35 years old. All participants involved in this study were informed about the experimental protocol and gave written consent before particpating. The experience and consent form had been previously approved by the local ethics committee (certificate number 602. 434.01). The OLST procedure was performed as follows. a) In a first time, the test was performed at normative time with young participants over four types of ground such as concrete, gravel, sand, and parquet. Two types of ground (concrete and parquet) are encountered at domestic environment and the others were chosen according to its difficulty to maintain balance. b) Since older people have difficulty to maintaining their balance, OLST was only performed at normative time with them over concrete. Elder participants were asked to maintain balance at least five seconds up to the normative time. Each participant in this study was asked to put the instrumented insole in their right shoe and to do the test using OLST software two times. It was instructed to stand upright on the right foot without support of the upper extremities by looking straight ahead. The OLST was performed with eyes open condition in all cases above. Overall, the number of seconds a participant was able to maintain a stable position was recorded by the software. The test ended (pressed stop button) when one of these conditions are reached: 1) the foot up touches the support leg, 2) the foot up touches the ground, or 3) the arms touch something for improving balance control. c) After the OLST, the participants have also walked three (3) meters over each type of ground in order to make a diagnostic by the clinician.
V. IDENTIFICATION OF THE CLOSED-LOOP HUMAN BALANCE MODEL
In this section, we present first the closed-loop human balance model. This model is identified with the pivoting angle of participants after the perturbation is removed (the tensile force in the cable is released). This section explains how the model is designed and then identified.
The human body standing on a type of ground can be approximated with the classical model of an inverted pendulum (show Fig. 1 ). The equation of motion of the system is given by:
where " is the second derivative of the pivoting angle ( ) of human body, : is the moment of inertia of a body at ankle joint, : is the tensile force in the cable, : is the gravity acceleration, : is the mass of participant, : is the torque produced at the ankle joint, and : is the distance between ankle joint and center of mass of body. We suppose that: (radian), then we get
By using the result (2) and (3) in (1), then (1) is simplified as
In this study, we hypothesis that the foot sole makes an insignificant angle with the ground during pivoting of the body. Moreover, during the rotation at the ankle while the body goes forward, we assumed that the load rises at a constant speed and therefore its acceleration is zero. On the other part, we considered that the cable is inextensible, massless and it is wound on pulley without friction. Therefore, the tensile force of the cable is equal to the weight of the load. Using superposition principle on (6), we can find this transfer function as follows:
Then, (6) will be as follows:
As indicated previously, the values of and are identified experimentally with the measurement of the ankle angle from the Tether-Release system. Then, to determine the state representation of the equation of motion of our system, it is sufficient to study the transfer function . Then, using these constraints (9) (10) (11) for:
and we obtain (12) For the simulation in MATLAB Simulink, the initial condition is located in the second integrator for the initial angle of the ankle. To design the suggested closed-loop balance model shown in Fig. 2 , we used first, a transfer function representing the neuromuscular system used for an aircraft pilot [50] as follows as: where and are the natural frequency and the damping ratio of neuromuscular system respectively:
Gilbert [51] has shown that an optimal damping ratio has been estimated between 0.6 and 0.7. Then, in our study, was chosen in accordance with the works presented in [52] , [53] . Moreover, the widest frequency, estimated between 14 and 26 rad/s [50] , is obtained when the damping ratio is around . For this reason, certain types of large high-gain accelerometers are designed with added damping to achieve this value and hence, to maximize their useful frequency range [54] . However, the findings of Cenciarini et al. [55] suggest that older adults would experience a more oscillatory response to fast occurring perturbations compared to young adults. This leads us to deduce that the damping ratio is reduced among elderly. Indeed, Park et al. [56] computed the damping ratio and these findings show that this ratio is smaller among older subjects. In PD subjects, the damping ratio was 64% higher in ON-drugs ( ) than OFF-drugs ( ) [57] . The transfer function of sensory systems of our model is similar to the vestibular system of a pilot of an aircraft taken from [58] (14)
We added (a variable without unit), since our system reacts not only by the vestibular system, but also vision and proprioception. On the other hand, to compute the delay from the transmission of nerve impulses, we consider that the average velocity of its conduction ( ) is equal to 49.7 m/s [28] for a young subject. The average motor nerve impulse conduction is significantly lower among elderly ( ) m/s compared to young people [59] . In addition, we considered that the average value of its movement towards the spinal cord is equal to the distance between the ankle and the middle of the trunk ( ). Thus, the delay will be as follows: (15) 
VI. RISK OF FALLING COMPUTATION
In this section, we describe the methodology for computing a risk of falling using first the model previously described and the OLST software using an instrumented insole.
A. Proposed Score Computed by the Closed-Loop Model
This section presents the identification of the closed-loop balance model using the tether-release test (TRT) and the proposed risk of falling index computed with this model.
1) Closed-Loop Balance Model Identification:
The methodology used for identifying the model was performed by varying the values of and (two variables without unit). Then, we computed the root mean square error (RMSE) of the twelve trials performed (shown Table II ). The 12 trials are shown randomly in Table II and not in the order in which the tests were performed. The model is identified based on the smallest RMSE value obtained. Moreover, after this last procedure (the use of RMSE), we computed the variance of error. Error is the difference between angles of model and experience. The angles from the model are equals to the experimental angles in all trials and experience is best suited with low variance. In conclusion, the model corresponding to experience ( and ) is the most appropriate because it is the most suitable to the experimental data. Some values of this case are presented in Table III .
2) Simulation: After identifying the model, we simulated it by studying the ability of a human to maintain balance during the OLST over concrete. In order to take into account the disturbance of the soil, the term TL in (12) has been replaced by which represents the moment of ground reaction. We assume that (16) where : is the reaction force of ground and : is the distance between the heel and the point of application of .
It should be noted that if the human is in a standing position, the force is equal to its weight. Furthermore, if its center of mass is in motion, this force will be between 80% and 120% of its body weight [60] . From this idea, we also assume that the value of can be expressed as follows: (17) such as
From the model, we determined the angle variation of the body for each participant who performed the One-Leg Standing Test (OLST). The computation of this angle has been based on the suggested parameter in the literature [55] - [57] , [59] , as shown in Table IV . The weakness of muscle appears over the years. These changes among older show loss functionalities and can decrease the nerve conduction velocity (NCV). Moreover, in PD subject, basal ganglia can increase the sensory dysfunction. However, depending on the ON or OFF-phase of this disease, sensory and motor NCV can be normal compared to healthy elderly [61] . Given that the PD subjects involved in this study were in ON-phase during the OLST, and also sensory disturbances are not necessarily related to the OFF phase, muscular or osteo-articular conditions, we used the same value of the velocity for both groups and fixed the natural frequency at around 23 rad/s. Afterwards, we also determined the center of gravity (COG) variation, as a function of time, in order to compute a risk of falling in real time as follows:
It is known that the vertical projection (at the horizontal plane) of center of mass into the ground is often called the COG. This projection labelled in our study was assessed by using relation in [62] ( 18) where is the distance of the COM from the ankle and is the pivoting angle (in radians).
3) Proposed Score: To evaluate a score, we used the average of COG parameter (labelled ), the standard deviation ( ) and calibration factors ( ). The ability to maintain stable balance labelled and the calibration factor (variables without unit) are dependent of the standard deviation and are defined in Table V. The score was defined in the same way as the previous study in [12] where Berg Balance Scale was used:
B. Risk of Falling Estimation in OLST
This section presents the COP parameters and the proposed OLST score. For better clinical assessment tests, OLST investigation focuses on exploring methods to combine the most important parameters of risk of falling into a single score. We hypothesis that unstable balance can be measured by specific COP parameters combined into this score; and could be correlated with an increased symptoms of Parkinson's disease or others balance problems among elderly.
1) COP Positions: Distributed contact forces acting on the insole surface bounded by the four sensors may be replaced by a single equivalent force ( ) and located at COP position .
The COP displacements on insole surface were defined by the (Media-lateral) and (Antero-posterior) axis. The position was then calculated using relations (20) and (21) where are the scalar of the four force sensors along Z-axis (perpendicular axis to insole surface); and are the distances between the force sensors along , axis respectively; and is the total scalar force of the four sensors. All scalar force sensors are functions of time while and are constant values (20) (21) 2) Proposed OLST Score: The score was calculated following these three steps.
a) The instrumented insole allows measuring the standing time ( ) taken by each user. In order to assess the risk of falling by computing a score, we have compared this time with the normative time ( ) which depends on age and gender. The normative values for age, gender and eyes in open or closed condition have been shown in [31] . b) represents the overall COP velocity during the test and was calculated at each data ( ) recorded (22) The overall analysis of COP displacements is preferred compared to a separate analysis of both and -axis components [63] . The mean of COP velocity ( ) expressed by (22) is also calculated as follows: (23) where is total data recorded during the OLST. Indeed, the mean of COP velocity is the most significant parameter that showed, in previous clinical study, a relationship between balance control and quiet standing [64] . Moreover, an inverse relationship between OLST score and the mean of COP velocity was demonstrated in [65] . The mean of COP velocity quantifies the neuromuscular activity required to maintain balance. This reflects that the postural control of subject and unstable balance in the OLST can be evaluated using a measure of mean of COP velocity in both anteroposterior and lateral directions. c) In this study, we also computed the standard deviations of COP in each direction. The ratio ( ) between these two values is equal to the ratio between the slope of a linear regression ( ) and the linear correlation coefficient of Pearson ( ) for all COP positions on insole surface. In order to improve the assessment of real performance, and to detect a stable position or a balance issue of participant, we have multiplied the parameters in previous steps by this ratio ( ) which can represent the ability to maintain the strength and weight even distributed on the foot. To maximise this ratio and then the result, the participant must control his balance and reduce his sway along anteroposterior and lateral directions (24) The multiplication of parameters described in these three steps provides a result ranging between zero (0) and onehundred (100) corresponding inversely at different risk of falling levels. The goal was to obtain a scale according to the clinical tests scale such as Berg Balance Scale for example. The single score ( ) could be expressed by (25) where is the time performed by the user during the OLST;
is the normative time which depends on age and gender. The normative values for age, gender and eyes in open or closed condition have been evaluated in [31] .
is the mean of COP velocity; and are respectively the standard deviations along and directions.
3) Human Perception of the Risk of Falling:
After walking on the four types of ground, the participant involved in the OLST have answered simple questions related to difficult to maintain balance. a) Of the four types of ground, on which did you had the most difficulty to walk? b) Of the four types of ground, on which did you felt a sense of imbalance? c) What could you say about the risk of falling level on each type of ground? For all participants, the risk of falling level is computed as follows:
Likert scale (1-5) was awarded to the answers from each participant for each type of ground according to the risk of falling level (very low risk to very high risk). The qualitative risk level for all participants in the OLST has been computed as a mean (26) where is the total number of participants and is the point attributed to their response.
Walking over the four types of ground (from easiest to most difficult) and the feeling of imbalance were quantified by assigning a number one over the ground where an imbalance or difficulty was noted. Then, the mean ( ) was calculated for the three groups expressed as a percentage.
VII. RESULTS
The relation between balance control and risk of falling are computed by the Smartphone software and the closed-loop balance model into a single score. The scores obtained have been analyzed by using MATLAB software. One way Analysis of Variance (ANOVA) was performed with this software in order to compare level of stability by using the dependent variable (the score) and the independent variable (the type of ground). The independent variable has been divided into four groups which correspond to concrete, parquet, sand and gravel. The dependent variable could correspond inversely to three risks of falling levels (low, medium and high risk). The ANOVA was performed on an index labelled CV (Coefficient of Variation) of score which has been defined as follows: (27) where is the score (from gravel, parquet or sand) obtained by the participant and the baseline score (score from concrete). is the OLST score average from concrete of all participants. The ANOVA result (show Table VI ) is reported as an F-statistic with its associated degrees of freedom (df) and p-value, the mean of square (MS) and the sum of square (SS). The hypothesis is formulated about the means of the groups on that dependent variable (the CV of score). The null hypothesis is that all the means of CV score from the three different types of ground (parquet, gravel and sand) are equals. Given that the null hypothesis is rejected if at the 0.05 level of significance, the computed test statistic in our work is 7.22, which is more than ( ). This analysis of variance, shown in Fig. 3 , leads to the conclusion that there has a significant effect related to the types of ground and risk of falling ( , ) . The ANOVA analysis of CV score was performed between the three types of ground and Table VII reports their p-values. Higher severity of balance disorder was associated with lower OLST scores or lower CV's scores, which indicated more mobility deficits (as shown in Fig. 6 , with black grey graph). The results from questionnaire to participants have shown that none of them in this study has proven difficult to walk on concrete or parquet. Similarly, any perceived imbalance has been notified on these two floors and gravel by young participants (0%). Overall, the risk level was less than 1.5 (Fig. 4) . 41 .6% of young participants, 86% of healthy elderly and 78.56% of PD subjects have been notified to perceived imbalance and ).
difficulty to walk over sand. 28.57% of PD subjects and 30% of healthy elderly perceived imbalance over gravel. The risk of falling remains higher over sand and gravel according to Likert scale using all participants' responses especially for elderly. As shown in Fig. 5 , we determined the curves of angle variation ( ). The experimental values of the angle variation are contained in an envelope formed by the two curves (min and max of all experiences). The experimental hypothesis is that the two estimates (measured and theoretical angle variation) are similar. The analysis of variances leads to this conclusion.
The raw data of each participant during the OLST have been used to simulate the balance capability with the proposed balance model. A risk of falling has been computed as shown in Fig. 6 (white bar graph) .
VIII. DISCUSSION
The main purpose of this study was to improve the methods used for evaluating balance control of elderly at home especially people with Parkinson's disease. In our study, we determined the relationship between a score and a risk of falling by comparing three participants groups and evaluating the effect of the types of ground. It was observed that the type of ground did affected OLST score and therefore the risk of falling (Fig. 3) . The risk of falling depends therefore on type of ground (ground properties such as compliance and coefficient of friction). By using concrete ground as baseline, the OLST scores over parquet and sand or over parquet and gravel are statistically different (Table VII) . This difference is more pronounced over gravel: aggregate size of this material is bigger than sand, which has probably causes some body sway and foot motion more often. However, the risk of falling according to Likert scale is more pronounced with sand (Fig. 4) which could be due to difficulty to walk over this soil. No significant difference was found between gravel and sand ( , Table VII ). It was noticed by elderlies that the balance control is different over each type of ground (Fig. 4) , which means environment is an important factor in risk of falling. Most of elderly have difficulty to maintain balance until the normative value. In fact, among elderly, the left foot touch regularly the ground or support during the OLST before the normative value required except five healthy elderly and three PD subjects. These three PD subjects were at state 2 or 2.5 and have a good OLST score. For enhancing the balance capability among these participants, the closed-loop balance model proposed has been also designed and simulated. Looking at Fig. 5 , we observe a similarity between the variation of the angle measured during the experiments and the variation of the angle given by the model. Control subjects had greater scores for both tests compared to PD subjects in baseline condition (Fig. 6) . By performing the statistical analysis on the scores, Fig. 6 also shows (at 0.05 level) no significant difference between the model and OLST software implemented (Young: , Healthy elderly: , PD subjects: ). The main finding of this work is that this model could be used to simulate the balance capability and could be implemented inside the embedded microcontroller of the insole in real-time.
IX. CONCLUSION
A novel methodology approach to evaluate risk of falling at home has been designed. An experiment with participants (healthy young, healthy elderly and Parkinson's disease subjects) demonstrates the feasibility of our approach. We have implemented an automatic system and proposed closed-loop balance model providing the risk of falling based on a score level. As suggested by our results, COP and COM parameters analyzed during OLST and TRT seem to be useful for evaluating risk of falling at home among elderly. The score level computed by OLST software and the model can be also used as a motivation in order to improve the physical condition of elderly. Many tests were conducted and our findings suggested that the two proposed scores could be a good candidate, which could possibly help us to evaluate and train balance among elderly and people with Parkinson's disease in the near future at home. Finally, in order to validate both scores computation related to risk of falling, we also analyzed the ground's effect on balance parameters of human. The type of ground increases the imbalance and can lead a walker to fall. The different types of ground that an elderly might walk on which must be a hint for future works to pay attention to this issue.
